I. INTRODUCTION
The flow induced vibration in large and high power boiler feed pumps is one of the most challenging problems that limits the pump design and operating conditions. The pump design and pump requirements of flow rate and pressure delivery play a major role in inducing high pressure pulsation inside the pump. The blade exit shape and the effective gap between the rotor and stator are the most important design parameters in this regard. Pressure fluctuations inside the pump are mainly due to the interaction of the rotating impeller pressure field with the stationary circumferential pressure field generated by a vaned collection element, either volute tongue(s) or diffuser vanes. In centrifugal pumps, the impeller blades interfere with the diffuser vanes and produces pressure fluctuations downstream of the impeller.
Despite the long history of literature documenting forces on pump impeller, there are few detailed investigations into the effects of various impeller and volute combinations on these forces with a parallel examination of the hydraulic performance, Baun et al. [1] . The exact force magnitude and hydraulic performance depend on the exact geometrical details of pump design. When centrifugal pumps operate at partial flow rates, the flow in the suction pipe starts to rotate with the impeller and finally a reverse flow from the impeller towards the suction occurs (inlet eye recirculation). Reverse flow causes some amount of energy losses at partial flow rates and the instability was attributed directly to the occurrence of the reverse flow and pre-rotation, and therefore the pump head becomes unstable; Breugehmans and Sen [2] . Improving the stability of the pump used to be at the expense of the pump performance and results in shifting the best efficiency point for the pump. The flow is not uniform around the impeller circumferentially, even at design point, due to the interaction between impeller and volute and the velocity profile at impeller exit; Guo and Maruta [3] . The pressure fluctuations depend on the flow rates and blade/vane angles. The largest blade pressure fluctuations occur at the trailing edge on the pressure side, but the magnitudes depend greatly on the number of vanes and vane angle. At off-design operating conditions, pressure fluctuations due to impeller-volute interaction occur mainly at blade passing frequency and its higher harmonics. The circumferential unevenness of fluctuations, which causes sidebands in frequency spectra, is dependent on the flow rate and guide vanes and become more significant at lower flow rates.
The largest vibration levels in large pump turbines are, in general, originated in the rotor stator interaction. This vibration has specific characteristics that can be clearly observed in the frequency domain, namely, harmonics of the moving blade passing frequency and a particular relationship among their amplitudes. The frequencies and their amplitudes depend on the pump design and the operating conditions. The amplitude of harmonics increased when certain conditions are achieved. The rise in the amplitudes is not equal for all harmonics; some are more affected than others. Rodriguez et al. [4] presented a theoretical analysis to predict and explain, in a qualitative way, such frequencies and amplitudes. The analysis incorporates number of blades, number of guide vanes, the RSI non-uniform fluid forces, and the sequence of interaction. The theoretical analysis is complemented with geometrical and timing considerations that allow going deep in the sequence on interaction rather than assuming excited diameter modes. The distance between the moving and stationary blades helps in determining the origin of the harmonics. Knowing the origin of these harmonics should guides to effective solutions in order to reduce their amplitudes. Many cases of impeller failures were caused by unusual radial gap between impeller and diffuser or volute tongue. Srivastav et al. [5] examined the effect of radial gap between impeller and diffuser on vibration and noise in a centrifugal pump under different flow conditions. It was shown that at maximum radial gap between the impeller and diffuser, the overall level of vibration and noise are minimum.
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Increasing the radial gap reduces vibration and noise levels, however, at the expense of pump performance in terms of head and efficiency. A clear correlation between vibration and noise is observed. If the flow rate is controlled by suction throttling, then the vibration level is higher than that corresponding to delivery throttling for small gaps in general, while this behavior may be reversed for large radial gaps. Makay et al. [6] studied the pressure pulsations arising from the interaction of the impeller and vaned diffuser in a 500 cfs water supply pump, which caused numerous plant problems. It is known that the performance of a centrifugal pump depends largely upon the flow patterns at the impeller exit to the extent that a small change in the edge form of the impeller blade causes a change in the pump performance. Koji et al. [7] examined the changes in the pump head and the flow pattern experimentally. They used pump impellers whose outlet angles are deformed stepwise by slicing off the blade on the suction or pressure sides. Slicing off the blade edge in the suction or pressure sides was found to increase the pump head due to the increase in the circumferential component in the absolute velocity. The blade outlet angle is one of the most important design parameters which can affect centrifugal pump performance. It controls the strength of the wake at the impeller exit. Shojaee and Boyaghchi [8] studied the performances of a centrifugal pump with different blade outlet angles both experimentally and numerically. The results show that when the outlet angle increases, the centrifugal pump performance handling viscous fluids improves. This improvement is due to decrease of wake at the exit of impeller.
The proposed work aims to experimentally test different cuts at the impeller blade exit in order to reduce the flow induced vibration of a boiler feed pump stage by increasing the effect clearance gap. The study correlates the blade exit shape with the effective gap under different operating conditions to select the best shape that produce minimum vibrations. Fig. 1 shows the experimental facility, pump, the instrumented test section, and sensors distribution around the impeller. Impeller diameter is 142 mm and the blade exit angle is 22.5 degree. The radial gap between the impeller and volute cutwater is 3.6 mm which is equivalent to 2.5% of the impeller diameter. Four identical impellers were manufactured; one impeller is kept without any cut in the blades' exits; and is used as a reference impeller. The second impeller is machined with a V-cut shape at the blade exit. The third impeller has a C-cut shape at the blade exit. The fourth impeller has a straight cut at the blade exit. Fig. 2 shows the four impellers used in the present study. It should be mentioned here that the impeller shrouds remain un-touched with the original diameter for all impellers which means that the cutting is only in the blades between the upper and lower shrouds. Also it is important to mention that all the cuts of different shapes have the same cut area to produce the same effective increase in the clearance gap. Each impeller was dynamically balanced to minimize the effect of rotor imbalance as a source of vibration. A shaft-like extension was attached to the impellers to simulate the actual flow characteristics at the suction of the original boiler feed pump. The model pump speed is 3540 rpm at 60 Hz. Water at room temperature is used in all experiments. 
II. EXPERIMENTAL SETUP

III. RESULTS AND DISCUSSION
The Pump total head is calculated as: 
where  is the water specific weight in N/m 3 , Q is the volume flow rate in m 3 /s, and H is the pump head in m, V is the pump voltage in Volts, I is the pump current in ampere, PF is the motor power factor, and motor  is the motor efficiency.
The measured pump performance curves; head, efficiency, and power, are shown in Fig. 3 . Compared to the original impeller with no Cut, one can see that all cuts produce less pump head due to the increase in the effective clearance gap. The head produced by the V-shaped cut impeller is very close to the original impeller. The V-cut reduces the head developed by the pump by about 5% at the best efficiency point. The existence of the V-cut reduces the power consumption by the pump which compensates for the head drop in calculating pump efficiency. In the other hand, a noticeable reduction in the pump performance is recorded with the impellers having C-cut and S-cut.
In order to study the flow induced vibration of this pump design, a set of dynamic pressure transducers are inserted flush through the volute cover plate to measure the pressure fluctuations around the impeller. Also, an accelerometer is installed on the pump volute casing to measure the pump vibration. Fig. 4 shows the time history of the pressure fluctuations as recorded by sensor number 2 associated with the spectrum analysis (FFT). The amplitude of pressure fluctuations are measured peak-to-peak. The full picture about pressure fluctuations is given by both the amplitudes and spectrum analysis, FFT. The spectrum dominant peak occurs at a frequency of 295 Hz which corresponds to 5x rpm or the first blade passing frequency (1st BPF or 5x). Smaller peaks appeared at 10x rpm (2nd BPF) and 15x rpm (3rd BPF). The measurements of the vibration of pump casing were carried out using B&K 4507 Delta Tron accelerometers, with 100mV/g. The vibration occurs mainly at the first blade passing frequency (5x rpm); with smaller peaks appear at the second and third blade passing frequencies. This is in complete agreement with the measurements of internal pressure fluctuations of the model pump. The behavior of pump vibration is shown in Fig. 5 . This behavior proves that the pump vibration is induced by pressure pulsations inside the pump due to the impeller-volute interaction. It also proves that measurements of the unsteady pressure field inside the pump can be used to identify and resolve the pump vibration problem. The vibration of the pump casing under different flow ratios (ratio of the best efficiency flow rate) is presented in Fig. 7 for Frequency [Hz] the four impellers. The minimum vibrations are measured at the design flow rate (Q/Qn = 1) in correspondence with the pressure fluctuation. The pump vibration is following the behavior of the amplitudes of pressure fluctuations inside the pump under variable flow rate conditions. Vibration increases as the pump operates at off-design conditions, both sides of the best efficiency operating point. 
IV. CONCLUSIONS
Experiments are carried out on a high pressure double volute centrifugal pump stage to study the effect of different cuts at the impeller blade exit on pump performance, pressure fluctuations inside the pump, and pump casing vibration. The impeller-volute interaction is an important design parameter and that design must be chosen carefully in each pump based on the pump design and operating conditions to minimize the flow induced vibration. The effective gap increased by cutting the impeller blade exit with different shapes. The impeller cuts reduced the amplitudes of pressure fluctuations inside the pump and consequently the pump vibration. The cuts are even more effective in reducing vibration at off-design flow rates. However, the reduction in vibration is achieved at the expense of the pump performance. A balance should be made between the pump performance and vibration based on the pump operation requirements. International Journal of Materials, Mechanics and Manufacturing, Vol. 2, No. 4, November 2014 
